IMPORTANCE Understanding the differences in vascular microcirculation of the peripapillary retinal nerve fiber layer (RNFL) between the hemispheres in eyes with glaucoma with single-hemifield visual field (VF) defects may provide insight into the pathophysiology of glaucoma.
of retinal ganglion cells, characteristic changes of the optic nerve head (ONH) and retinal nerve fiber layer (RNFL), and associated visual field (VF) defects. [2] [3] [4] [5] Although the pathogenesis of glaucoma is still not fully understood, elevated intraocular pressure (IOP) and impairment of ocular blood flow have been recognized as 2 major contributing factors to its development and progression. [6] [7] [8] Significant reduction in ocular blood flow in eyes with glaucoma compared with normal eyes has been reported in the ONH, retina, and choroid. 9-11 Furthermore, eyes with progression of glaucoma have shown significantly lower ONH perfusion compared with eyes with glaucoma without progression.
11-13
Optical coherence tomography (OCT) angiography is an imaging technique that generates 3-dimensional information about the blood flow and microstructure in the retina and choroid without the need for dye injection. Optical microangiography (OMAG) is an OCT angiography technique [14] [15] [16] that uses red blood cells as the intrinsic contrast agent and thereby provides information on blood flow and vascular distribution of the eye noninvasively.
14 In a previous study, 17 we showed that OMAG measures the blood flow in the peripheral RNFL region with high repeatability and reproducibility and found a significant reduction in RNFL microcirculation in eyes with suspected glaucoma and glaucoma compared with normal eyes. 17 In the present study,
we use OMAG to compare the peripapillary RNFL vascular microcirculation between hemispheres in eyes with glaucoma and VF defects confined to a single hemifield and compare these hemispheres with those of normal eyes.
Methods

Subjects
This study followed the tenets of the Declaration of Helsinki 18 and was conducted in compliance with the Health Insurance Portability and Accountability Act. This study was approved by the Human Subjects Division of the University of Washington, and written informed consent was obtained from all patients before imaging.
Patients with the diagnosis of open-angle glaucoma (including primary open-angle glaucoma and normal-tension glaucoma) or normal optic discs were prospectively enrolled at the University of Washington Medicine Eye Institute. Inclusion criteria were best-corrected visual acuity of 20/40 or better and refractive error ranging from −6.0-to +3.0-diopter spherical equivalent. Exclusion criteria were significant media opacity preventing high-quality imaging, any ocular disease other than glaucoma or cataract, and previous intraocular surgical procedures other than uncomplicated glaucoma or cataract surgery. Individuals with normal eyes also were excluded for a previous diagnosis of migraine.
The diagnosis of open-angle glaucoma was based on characteristic optic disc findings, an abnormal RNFL thickness on spectral-domain (SD)-OCT, and a corresponding glaucomatous VF defect in the presence of an open angle on gonioscopy. All participants underwent a comprehensive ophthalmologic examination at the time of enrollment, and patients with glaucoma received VF examinations to determine mean deviation (MD) and pattern standard deviation. All VF tests were performed on a Humphrey Field Analyzer II (Carl Zeiss Meditec), and only reliable tests were included (≤33% fixation losses and false-negative and false-positive results). All glaucomatous eyes had VF defects confined to a single hemifield. The normal hemifield required having no test location worse than P < .01 on the pattern deviation plot. The glaucomatous hemifield required a cluster of 3 contiguous test locations at P < .05 on the pattern deviation plot, with 1 test location at P < .01. 19 One eye from each participant was included in this study. A single eye was randomly selected if both were eligible. Blood pressure (BP) measurements were acquired at the same visit after the OMAG scan for a subgroup of participants within each group to calculate mean ocular perfusion pressure (MOPP). We defined MOPP as 2/3 times (mean arterial pressure) minus IOP, where mean arterial pressure is equal to diastolic BP plus 1/3 times (systolic BP minus diastolic BP).
Image Acquisition and Scanning Protocol
All eyes underwent scanning using a 68-kHz OMAG prototype system (center wavelength at 840 nm; Cirrus HD-OCT 5000; Carl Zeiss Meditec, Inc) with active motion-tracking capability. 20 The same OMAG montage scanning pattern as previously reported 17 was used to acquire volumetric data sets at the center of the ONH. The montage scanning protocol covered a 6.7 × 6.7-mm 2 area with 2 sampling points located approximately 9.8 μm apart in the transverse and longitudinal directions. Four B-scans were acquired at each transverse location. A regular OCT raster cube scan of the optic disc was acquired using the same prototype device at the same visit to obtain a 3-dimensional structural data set for RNFL thickness and ONH structural measurements. The scanning protocol collected 200 × 200 sampling points from a 6 × 6-mm 2 area centered on the optic disc. Imaging data were considered to be poor quality and were omitted from further analysis if the signal strength fell below the manufacturer-recommended cutoff (signal strength <6) or if significant eye movement occurred.
Key Points
Question Are differences measurable in the microcirculation of the retinal nerve fiber layer in hemispheres between normal eyes and those with glaucoma and visual field damage confined to a single hemifield?
Findings
In this cross-sectional study of 41 patients, the hemisphere without visual field defects showed reduced blood flow in the eyes with glaucoma compared with normal eyes, whereas no difference in retinal nerve fiber layer thickness was detected.
Meaning In the pathophysiology of glaucoma, vascular microcirculation defects may precede structural changes in the retinal nerve fiber layer. Additional longitudinal studies would be of value to confirm or refute these findings.
OMAG Processing
All the acquired volumetric scans were processed with a previously described complex OCT signal-based and feature spacebased OMAG algorithm by calculating the OCT signal differences between consecutive B-scan pairs to extract the blood flow signals. 17, 21 The RNFL was segmented with proprietary semiautomatic retinal layer segmentation software. 22 The segmented RNFL boundary results were applied to OMAG vascular images to obtain the microvascular image in the RNFL. The RNFL vascular en face images were generated with maximum intensity projection in the RNFL. The ONH margin was manually delineated from the structural en face image by identifying the end of the Bruch membrane and locating the center of the ONH.
Peripapillary RNFL Microcirculation Measurements
We evaluated the peripapillary RNFL blood flux index and vessel area density within an annulus centered at the ONH (2.5-mm inner and 3.7-mm outer diameter) with the exclusion of large retinal vessels because the RNFL is supplied by the microcirculation coming from the retinal radial peripapillary capillaries. The methods for large retinal vessel removal and blood flow metrics have been described previously. 17 In brief, a multiscale Hessian filter was developed to detect blood vessels with various diameters. After vessel detection and removal of large vessels of more than 32 μm, the RNFL blood flux index was measured by calculating the mean flow intensity in the vessel area, where the blood flow signal was normalized to 0 to 1 by dividing by the full dynamic range of blood flow signal intensity and thus was presented as a unitless ratio. The vessel area density measured the percentage of the area of the annulus occupied by the retinal radial peripapillary capillaries.
The RNFL blood flux index and vessel area density were measured for the entire annulus and for the superior (0°-179°) and inferior (180°-359°) hemispheres.
Statistical Analysis
We used 2-tailed, independent-sample t tests to compare the peripapillary RNFL flow metrics between normal eyes and those with glaucoma. Bonferroni adjustment was applied to maintain the overall type I error at 5% for multiple comparisons. Paired t tests were used to compare between the hemispheres corresponding to the normal and abnormal hemifields in the same eye of the same patient with glaucoma. Spearman nonparametric models were used to investigate the correlation between RNFL blood flow metrics with VF variables and OCT biometrics. P < .05 indicates statistical significance for these comparisons. P < .025 indicates statistical significance when comparing the RNFL thickness, blood flux index, and vessel area density of hemispheres among normal eyes and the normal and abnormal hemispheres in the eyes with glaucoma.
Results
Twenty-one eyes with glaucoma from 21 patients (7 men and 14 women; c Mild indicates visual field mean deviation of greater than −6 dB; moderate, −12 dB to −6 dB; and severe, no greater than −12 dB.
glaucoma underwent BP measurement after the OMAG imaging session. No differences were detected in systolic BP, diastolic BP, and MOPP between groups. For the structural measurements from the OCT image, eyes with glaucoma showed thinner RNFL, a smaller rim area, and larger cup-disc ratio than did normal eyes. The Figure shows the vascular microcirculation en face images in the peripapillary RNFL of a normal eye and one with glaucoma. The normal eye had peripapillary RNFL thickness in a normal range, as observed in the RNFL thickness measurements, structural en face image, and RNFL thickness map ( Figure, A-C) . The retinal radial peripapillary capillaries were intact and distributed densely and evenly in the superior and inferior hemispheres by subjective qualitative evaluation and quantitative analysis ( Figure, D-E) . In the eye with glaucoma, reduced RNFL thickness, fewer retinal radial peripapillary capillaries, and lower blood flow metrics were observed in the inferior hemisphere compared with the superior hemisphere ( Figure, Table 2) . Table 3 summarizes the comparison results among hemispheres corresponding to the normal hemifields and hemifields with VF defects in eyes with glaucoma and normal eyes. Fifteen eyes with glaucoma showed VF defects confined to the superior hemifield. In eyes with glaucoma, the mean (SD) RNFL was thinner in the hemisphere corresponding to the hemifield with the VF defect than the hemisphere corresponding to the normal hemifield (Table 3) .
Positive correlations between VF MD and blood flux index (Spearman's ρ = 0.44; 95% CI, −0.13 to 0.66; P = .045) and between RNFL thickness and blood flow metrics (ρ = 0.65; 95% CI, 0.49 to 0.90; P = .001) were detected in the hemisphere corresponding to the normal hemifield but not between other combinations. No correlation was detected between blood flow metrics and functional and structural measurements for the glaucoma group (Table 4) .
Discussion
In this study, we investigated the peripapillary RNFL microcirculation changes in eyes with glaucoma and VF defects confined to a single hemifield by using OMAG. In eyes with glaucoma, a lower blood flux index and vessel area density and a thinner RNFL were found in the abnormal hemisphere compared with the normal hemisphere and compared with the control group. Although the normal hemispheres in the glaucoma group also showed reduced blood flux index and vessel area density compared with the control group, similar RNFL thickness was found between the normal hemispheres in eyes with glaucoma and normal eyes. In addition, correlations among blood flux index and VF MD and RNFL thickness were detected in the normal hemispheres of eyes with glaucoma.
In the glaucoma group, we found that the abnormal hemisphere showed a lower blood flux index and vessel area density compared with the normal hemisphere. Decreased blood velocities in the retrobulbar vessels have been shown in the worse hemisphere in eyes with glaucoma showing asymmetric VF defects. 24 Reduced retinal blood flow was found in the hemisphere corresponding to the abnormal hemifield using Doppler SD-OCT. 19 A significant reduction in the peripapillary vessel density also was found in the abnormal hemisphere compared with the normal hemisphere in eyes without high myopia and with inferior hemifield VF defects by using OCT angiography with the split-spectrum amplitudedecorrelation angiography algorithm. 25 Our results agree with these findings, although this association was not limited to eyes with inferior hemifield VF defects in our study. Furthermore, compared with normal eyes, we found a lower blood flux index and vessel area density in the normal hemisphere of the eyes with glaucoma, whereas no difference in RNFL thickness was detected. Other authors have reported similar results, albeit with different modalities of blood flow measurement. Decreased blood velocities in the retrobulbar vessels and ONH and juxtapapillary retinal capillary blood flow were found in eyes with glaucoma with normal or borderline VF defects by using color Doppler imaging 24 and scanning laser Doppler flowmetry. 26 Reduced retinal blood flow was detected in the hemisphere with normal VF values compared with normal eyes using Doppler SD-OCT. 19 Our findings agree with these results except that, in the abovementioned studies, thinner RNFL also was found in the normal hemisphere in the eyes with glaucoma, whereas the RNFL thickness in the normal hemisphere was not different from that In the normal eye (top), the retinal radial peripapillary capillaries were intact and distributed densely and evenly in the superior and inferior hemispheres by subjectively qualitative evaluation and quantitative analysis. In the eye with glaucoma (bottom), reduced retinal nerve fiber layer (RNFL) thickness, fewer retinal radial peripapillary capillaries, and lower blood flow metrics were observed in the inferior hemisphere compared with the superior hemisphere, which corresponded to the glaucomatous visual field defects shown in the superior hemifield in the total and pattern deviation plots. Blood flux index is calculated as the mean flow intensity in the vessel area, where the blood flow signal was normalized to 0 to 1 by dividing by the full dynamic range of blood flow signal intensity; vessel area density, the percentage of the detected vessels within the annulus. In the Cirrus RNFL thickness deviation maps, areas with RNFL thickness thinner than the fifth percentile and the first percentile of the normative database were marked in yellow and in red, respectively. GHT indicates glaucoma hemifield test; I, inferior; MD, median deviation; N, nasal; PSD, pattern standard deviation; S, superior; T, temporal; VFI, visual field index. of the corresponding hemisphere in normal eyes in our results. Other authors 27 have reported similar findings by using time-domain OCT. Debate remains whether impairments in blood flow are a result or a cause of glaucoma. Several studies 28-31 reported significant narrowing of the retinal vessels with associated RNFL defects in the hemisphere without VF defects in eyes with glaucoma and concluded that their findings supported the hypothesis that retinal arteriolar change may result from loss of retinal neurons secondary to glaucoma. However, diminished optic nerve blood flow has been detected in eyes with suspected glaucoma, normal VF examination findings, and normal to suspicious optic nerve appearance (no definitive localized notching, saucerization, generalized rim loss, or progression was noted), which suggests that vascular change may precede glaucomatous optic neuropathy. 32 In our study, blood flux and vessel density were decreased in the normal hemisphere of eyes with glaucoma compared with normal eyes, whereas the RNFL thicknesses were not different, suggesting that vascular dysfunction may precede the structural changes seen in glaucoma. A prospective finding that these patients develop thinning of the corresponding RNFL and form VF defects would add credence to the theory that vascular compromise is found before structural changes, such as RNFL thinning, in glaucoma. Lower blood flux index and vessel area density were detected in eyes with glaucoma compared with eyes in agematched normal controls. Similar results were found in our previous study 17 and coincide with other findings in the literature. We have also found that eyes with suspected glaucoma showed a reduction in the blood flux index compared with normal eyes. 17 Liu et al 33 compared the peripapillary retinal perfusion in the entire retinal tissue, including big retinal vessels, between normal eyes and those with glaucoma by using a split-spectrum amplitude-decorrelation angiography Abbreviations: RNFL, retinal nerve fiber layer; VF, visual field. a Paired t tests were used to compare the variables between the normal hemisphere and the hemisphere corresponding to the VF defect in the same eye with glaucoma. P < .05 is considered to be statistically significant. b Two-sample t tests were used to compare the variables between normal eyes and eyes with glaucoma (normal and abnormal hemispheres, respectively).
Peripapillary RNFL Vascular Microcirculation in Glaucoma
With Bonferroni adjustment for multiple comparisons, P < .025 is considered to be statistically significant. c Calculated as the mean flow intensity in the vessel area, where the blood flow signal was normalized to 0 to 1 by dividing by the full dynamic range of blood flow signal intensity. Abbreviation: RNFL, retinal nerve fiber layer. a Calculated as 2-sample t tests, with P < .05 considered to be statistically significant.
b Calculated as the mean flow intensity in the vessel area, where the blood flow signal was normalized to 0 to 1 by dividing by the full dynamic range of blood flow signal intensity.
algorithm-based OCT angiography technique and found a reduction in retinal perfusion in glaucomatous eyes. Using the same technique, Yarmohammadi et al 34 compared the vessel density in healthy patients with suspected glaucoma with that in patients with glaucoma. They found the lowest vessel density in patients with glaucoma, followed by those with suspected glaucoma and then healthy controls, after adjusting for age differences among groups. Although we cannot directly compare our results with the results using the split-spectrum amplitude-decorrelation angiography algorithm, both techniques indicated that OCT angiography differentiates the changes in peripapillary microvascular perfusion among eyes with glaucoma, eyes with suspected glaucoma, and normal eyes. Prospective studies would show whether such perfusion differences were a harbinger of further structural and functional loss. We found correlations among VF MD, RNFL thickness, and blood flux index in the normal hemisphere of eyes with glaucoma but not in other combinations. We presumed the negative results were attributable to the mismatched regions among the functional and structural measures and the mean effect when we calculated the variables in the entire area. The hemifield evaluation in the VF examination covered half of a 6 × 6-mm 2 area, whereas the blood flow metrics were calculated in a self-defined annulus. Calculating the mean may dilute the degree of defect and thus result in a nonsignificant correlation. In addition, VF examinations and blood flow measurements were not calibrated to the horizontal meridian passing through the foveola and the center of the disc. Further investigation is warranted.
Limitations
Owing to the design of our study, we were not able to judge whether VF defect leads to the reduction of the demand of blood flow or whether the reduced blood flow leads to the damage of retinal tissues and causes the VF defect. Prospective longitudinal studies are needed to reveal the pathophysiologic mechanism of glaucoma. We did not obtain visual field testing in our healthy controls. However, all controls underwent a comprehensive ocular examination and were found to have healthy optic nerves, statistically normal peripapillary RNFL thickness, and normal optic disc measures using SD-OCT. Third, medication used by patients with glaucoma was not taken into account. Ocular antihypertensive eye drops are known to decrease the IOP but may also increase the blood flow in the ONH. [35] [36] [37] In addition, animal studies 38 have shown that systemic drugs may influence the blood flow. Among our patients with glaucoma, 17 (81%) were using antihypertensive eye drops, and 6 (29%) were using systemic antihypertensive medication; the effects of their medications on ONH perfusion are unknown. However, we found no difference between patients with glaucoma who were and were not taking antihypertensive eye drops in blood flux index ( 
Conclusions
In eyes with glaucoma, lower RNFL microcirculation was detected in the abnormal hemisphere compared with the normal hemisphere. Although the RNFL thickness was not different between the normal hemisphere of eyes with glaucoma and normal eyes, the normal hemisphere of eyes with glaucoma demonstrated decreased microcirculation measurements. Even though our results suggest that vascular dysfunction may precede structural changes seen in glaucoma, longitudinal studies are needed to confirm this finding.
